Myrothecium (family Stachybotryaceae) has a worldwide distribution. Species in this genus were previously classified based on the morphology of the asexual morph, especially characters of conidia and conidiophores. Morphology-based identification alone is imprecise as there are few characters to differentiate species within the genus and, therefore, molecular sequence data is important in identifying species. In this review we discuss the history and significance of the genus, illustrate the morphology and discuss its role as a plant pathogen and biological control agent. We illustrate the type species Myrothecium inundatum with a line diagram and M. uttaradiensis with photo plates and discuss species numbers in the genus. The genus is re-evaluated based on molecular analyses of ITS and EF1-α sequence data, as well as a combined ATP6, EF1-α, LSU, RPB1 and SSU dataset. The combined gene analysis proved more suitable for resolving the taxonomic placement of this genus. Results indicate that Myrothecium species are polyphyletic within Stachybotryaceae. We suggest future studies needed for the genus.
Myrothecium as a plant pathogen
The first report of disease caused by Myrothecium was on a tomato in America (Stevenson et al. 1947) . Myrothecium roridum Tode was also found to infect coffee causing bark canker (Schieber & Zentmyer 1968 , Tulloch 1972 . Myrothecium verrucaria (Alb. & Schwein) Ditmar, was reported as a weak pathogen within the seeds of rice and soybean (Neergaard 1979) . Myrothecium species are also pathogens of mulberry (Myrothecium leaf spot of mulberry) (Du et al. 1988 , Murakami R et al. 2005 , Ben et al. 2009 ) and chilli seed (Liang 1989) , and many other hosts, including Ficus elastica. (Myrothecium leaf spot) (Norman & Ali 2013) , Dieffenbachia picta cv. Compacta (Myrothecium leaf spot) (Mcmillan 2010) . Myrothecium species cause disease on the leaves of different types of vegetables (Li et al. 2009 ). Because Myrothecium roridum infects many commercial crops and a wide range of hosts, it is an important plant pathogen (Li et al. 2009 ). The development of the disease can take advantage of wet soil conditions. Thus, in order to reduce economic losses in commercial cultivation, it is important to consider watering practices and soil sanitation (Han et al. 2014 ).
The potential of Myrothecium as a bio-control agent
The genus Myrothecium is a prolific producer of bioactive secondary metabolites, with more than 20 reported compounds from M. roridum, and more than 30 compounds from M. verrucaria (Wagenaar & Clardy 2001) . Myrothecium verrucaria is particularly virulent against several weedy plant species and is potentially useful as a bio-herbicide (Walker & Tilley 1997) . Myrothecium verrucaria has high activity against extracellular insect cuticles and produces chitinases, proteinases and lipases (Kobayashi et al. 1996) . Thus, the cuticle degrading enzyme complex produced by M. verrucaria has potential for the bio-control of mosquitoes (Mendonsa et al. 1996) . Mou (1975) showed that some insects (such as Macrotermes barneyi, termites and Dendrolimus punctatus) are parasitized by taxa, which are morphologically similar to M. roridum. Myrothecium verrucaria and its metabolites show nematode activity, which could control plant damage from nematodes by reducing egg hatching, inhibiting development, or even killing the nematodes directly (Lamovšek et al. 2013) .
Taxonomic history and phylogenetic understanding of Myrothecium
The genus Myrothecium was introduced by Tode (1790) who described five species: M. inundatum, M. roridum and three others which were later stated by Fries (1829) to belong to other genera. The genus was adopted in an emended form by Fries (1829) with four species, M. roridum, M. verrucaria, M. inundatum Tode and M. scybalorum (Schum.) Fr. Its original diagnosis (Tode 1790) was of a cup-shaped fungus with the cups surrounded by a sheath filled with sticky spores. Tode (1790) and Preston (1943 Preston ( , 1948 Preston ( , 1961 published a series of papers on Myrothecium and provided detailed descriptions and illustrations. Pidoplichko (1953) distinguished Myrothecium from the similar genera, Dendrodochium Chaetostroma, Verticilliodochum and Volutella. Nicot & Olivry (1961) studied Myrothecium species and concluded that the genus is common in soils. Tulloch (1972) defined the key generic characters of Myrothecium and accepted 13 species after checking numerous collections and descriptions of 55 species. Additionally, she summarized the morphological characters of species of Myrothecium and provided a key for the genus. Wu (1991) compared the morphology of M. roridum on different hosts.
We consider that the identification of Myrothecium species using morphology is imprecise, due to the following reasons: 1) morphology cannot clearly differentiate species and 2) the genus probably comprises species complexes. We therefore generated a phylogenetic tree for species of Myrothecium based on ATP6, EF1-α, ITS, LSU, RPB1 and SSU sequence data downloaded from GenBank (Figs 3, 4, 5) , which shows the genus to be polyphyletic in Stachybotryaceae. Morphology cannot effectively reflect phylogenetic relationships in the genus, because of the few characters available to differentiate species (Judd et al. 2002) .
Gene sequence data from fungi are changing our understanding of species and genera or of higher taxonomic levels (Shenoy et al. 2007 , Udayanga et al. 2011 , Wikee et al. 2011 , Hyde et al. 2013 , Wijayawardene et al. 2014 . Fekete et al. (1997) utilized the Tri5 gene for identification of Myrothecium and Stachybotrys species and strains that produced trichothecenes received strong bootstrap support (Myrothecium, Stachybotrys, Trichoderma, and Trichothecium) . Seifert et al. (2003) isolated a strain of Myrothecium and LSU sequence data indicated that it was related to Myrothecium inundatum. Recently, several Chinese mycologists have identified Myrothecium species by combining morphology and analysis of ITS sequence data (Li et al. 2009 , Zhao et al. 2009 , Liu et al. 2014 . Morphological characters -Sporodochia sessile or stalked, viscid, horny when dry, with a green to black mass of conidia, usually surrounded by a white zone, with flocculent hyphae from which setae project in some species. Stroma often present. Setae when present unbranched, colourless or pale. Hyphopodia absent. Conidiophores macronematous, mononematous, closely packed together to form sporodochia, branched, with the branched apex arranged penicillately, straight or flexuous, colourless or olivaceous, smooth or verruculose. Conidiogenous cells monophialidic, discrete, cylindrical, clavate or subulate. Conidia aggregated in dark green or black, slimy masses, semi-endogenous or acrogenous, simple, hyaline to pale olive, 1-celled, cylindrical with rounded ends, navicular, limoniform or broadly ellipsoidal, often with a projecting truncate base, smooth or striate (Ellis 1971) .
Morphology of Myrothecium
Notes -Myrothecium inundatum was introduced as the type species of this genus by Tode (1790), Link provided a revised description in 1809, while Preston (1943) make a comparison of morphology with M. inundatum. Myrothecium inundatum has been reported from dead agarics, e.g. Russula adusta in Europe (1971), soil from a forest in Yunnan Province, China (Xu 2006) , soil from conifer-broadleaf mixed forest in Liuba, Zhouzhi, China, farmland in Mei Xian, China, and flowerpots in Xi'an, China (Yu 2008) . ATP, EF1-α, ITS, LSU and SSU sequence data are available for M. inundatum (IMI 158855) in GenBank, and the LSU sequence as the first gene was released by Rossman (2007) . We provide a line drawing of M. inundatum ( 
Phylogenetic studies on Myrothecium

Materials and Methods
Phylogenetic analyses were performed based on sequence data available in GenBank with the accession and strain numbers listed in Table 1 and used by Castlebury et al. 2004 , Wang et al. 2015 , Maharachchikumbura et al. 2015 . This study used ATP6, EF1-α, SSU, LSU, RPB1 sequences data and EF1-α+ITS sequences data for combined gene analyses and ITS for single gene analyses. Multiple sequences alignments were generated with BioEdit v. 7.0.9.0 or MEGA 6.06 (Kumar et al. 2012) ; Maximum Likelihood (ML) phylogenies analyses of each aligned dataset, generated by RAxML-HPC BlackBox v. 8.2.4 on CIPRES using default conditions (Miller et al. 2010) . The results were viewed in TreeView v. 1.6.6 (Page 1996) . Bayesian Analyses (PP) was performed using MrBayes 3.2.0 (MrBayes v. 3.2.1; Ronquist et al. 2012) . The optimal models for the Bayesian analysis were preliminarily chosen using models of nucleotide substitution for each gene and combined genes, as determined using MrModeltest v. 2.2 (Nylander 2004 ). The GTR+I+G model was selected for each multi-loci analyses and single gene analyses. The analyses of four simultaneous Markov Chain Monte Carlo (MCMC) chains were run from random trees for 1,000,000 generations and sampled every 100 generations. The temperature value was lower than 0.15, burn-in was set to 0.25, and the run was automatically stopped as soon as the average standard deviation of split frequencies reached below 0.01 (Maharachchikumbura et al. 2015) . The resulting trees were printed with Figtree v 1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/). Myrothecium at the species level ITS sequences data can be considered as the primary barcode for Myrothecium species because its sequence data can reliably identify 73% of taxa studied across kingdom Fungi and has a high sequence and PCR success rate (Bridge et al. 2005 , Schoch et al. 2012 , Nilsson et al. 2014 . ITS can be used as a rough and quick identification guide (Udayanga et al. 2012) . ITS sequence data provides persuasive evidence for species delineation with a few distantly related taxa analyzed, but confusion occurs when a large number of species from a wide range of host species (or the same host, but different distributions) are analyzed (Udayanga et al. 2012) . Branches in the phylogenetic trees should be bifurcate. Any node that has only two intermediate decedents is said to be resolved. Its internal nodes are polytomous (more than two descendents i.e., sister taxa), then relationships are unclear (Udayanga et al. 2011 (Udayanga et al. , 2012 .
ITS sequence data has been most useful for molecular systematics at the species level, and even within species (e.g. to identify geographic races) (Wang et al. 2015) . Furthermore, combined gene tree could be provided more precise classification system. Udayanga et al. (2012) evaluated the phylogenetic species recognition of Diaporthe based on ITS, EF1-α, TUB and CAL sequence data, individually and in combination, to establish a robust concept to circumscribe species in the genus. The result shows that the combined gene analysis provides robust support to delineate cryptic species at the terminal node, and to recognize subclades of closely related taxa across the genus Diaporthe. Similarly, Maharachchikumbura et al. (2012) analyzed sequence data from three gene regions (ITS, TUB and EF1-α), individually and in combination, to evaluation their ability to resolve species limits of Pestalotiopsis. Combined multi-genes analysis successfully resolved most of the Pestalotiopsis species with high bootstrap support. Furthermore, Wikee et al. (2011) identified the species in the genus Phyllosticta by combining ITS, ACT and EF1-α. They recommend the improvement of the multi-loci phylogenetic analysis by using more phylogenetically informative genes.
Multi-genes trees have basically resolved the problems of phylogenetic species in Diaporthe, Pestalotiopsis and Phyllosticta and many other phytopathogenic genera (Hyde et al. 2014) . In this study, combined analysis of ITS and EF1-α sequence data was also used to evaluate the species of Myrothecium.
ITS gene analyses
The ITS gene tree is presented in Fig. 4 from strains of Didymostilbe, Melanopsamma, Peethambara and Stachybotrys. Some Nectriaceae species which previously grouped near the family Stachybotryaceae, in Hypocreales, in the study by Maharachchikumbura et al. (2015) , were used in the phylogenetic analyses.
There are 194 ITS sequences for 15 putatively named Myrothecium species in GenBank:
verrucaria. However, only M. prestonii and M. cylindrosporum are represented by ex-type strains. Additionally, three uncultured Myrothecium isolates and 72 isolates named as Myrothecium sp. were obtained from GenBank. We used these data to build a Maximum Likelihood (ML) tree and Bayesian Analyses (PP) (Fig. 4) with Myrothecium uttaradiensis strain from Dai et al. (in press ), based on ITS sequence data from 66 strains and 16 species of Myrothecium, with Bionectria ochrolenca (Schwein.) Schroers & Samuels as the outgroup taxon (Table) (Castlebury et al. 2004 , Wang et al. 2015 , Maharachchikumbura et al. 2015 . Myrothecium is polyphyletic (Fig. 4) and clustered in seven clades (Clades A-G).
Clade A comprises seven Myrothecium strains and Parasarcopodium ceratocaryi, Mel'nik, S.J. Lee & Crous. Clade B comprises four Myrothecium strains (BBA 65577, HKB 28, WS-11720 and CBS 324.54 ) and clustered with Stachybotrys species. Clades C-G comprise Myrothecium strains and species plus Didymostilbe echinofibrosa in Clade D. The phylogenetic placement of Myrothecium is cryptic, because these species do not clearly separate from other genera. Therefore, using only ITS sequence data for the genealogical classification and analyses of lineages is not reliable. Clade A can be also separated two subclades: Clade A1 as M. cinctum complex group and Clade A2 possibly a new species together. This needs to be confirmed by further research.
Family placement of Myrothecium
In this study, the generic placement of Myrothecium in Stachybotryaceae was evaluated by generating a phylogenetic tree using five genes dataset with Hypomyces polyporinus Peck as the outgroup taxon (Fig 3) (Castlebury et al. 2004) .
Myrothecium species cluster in the family Stachybotryaceae (Wang et al. 2015) with Didymostilbe, Peethambara and Stachybotrys. The Stachybotrys group (Clade C) has high bootstrap support. Clade D comprises Didymostilbe echinofibrosa and Peethambara spirostriata 74 Fig. 4 -Phylogenetic tree of Stachybotryaceae species from analysis of ITS sequence data using Maximum Likelihood (ML) method with Bionectria ochrolenca as the outgroup taxon. ML bootstrap support values higher than 70% and Bayesian posterior probabilities (PP) above 95% are given above or under the branches (ML/PP). Type or ex-type strains are in bold. again with strong support. Myrothecium clusters in Clade E which can be separated into three subclades, however there support is relatively low. Clades C, D and E formed an independent lineage, which attained 100% (ML) and 1 (PP) bootstrap value, differentiated from other families in the order Hypocreales (Castlebury et al. 2004 , Summerbell et al. 2011 .
Clades C, D, E, F and G clustered in one large clade with 78% (ML) and 0.98 (PP) bootstrap support. Within this large clade, strains of variously putatively named Myrothecium species are confused, e.g. M. gramineum and M. roridum, and are likely to be species complexes and / or wrongly named. Clade D includes one type species M. prestonii (CBS 175.73) , and two ex-type species M. cylindrosporum and M. uttaraditensis . Didymostilbe echinofibrosa (Finley) Rossman (AR2824) clustered in this clade with three Myrothecium species. Thus, D. echinofibrosa may be a synonym of Myrothecium, or this strain may be wrongly named. The other four Clades (C, E, F and G) comprise a mixture of putatively named Myrothecium species. Until the species are epitypified it is unclear which clade represents which 76 species, although Clade C may comprise M. inundatum, Clade E may comprise M. gramineum, Clade F may be M. roridum, and Clade G may be M. verrucaria and all are probably species complexes. Myrothecium species in Clades A and B cluster with other genera and this is confusing.
Combined gene analyses of Myrothecium
Combined gene analyses were evaluated using ITS and EF1-α sequence data with Torrubiella wallacei H.C. Evans as outgroup taxon in Fig. 5 (Maharachchikumbura et al. 2015) . The phylogenetic tree illustrated that multi-gene tree could resolve classification better than single gene trees of ITS and EF1-α respectively (data not shown). In Fig. 5 , Myrothecium species cluster in Clade B, but there is a low bootstap support mainly because of 75 percent of Myrothecium strainslack gene. Didymostilbe echinofibrosa (AR2824) and Peethambara spirostriata (CBS 110115) classify near M. prestonii (CBS 175.73) and M. setiramosum (CBS 534.88) , the same as the analyses of ITS gene tree. Some species are differently placed in the genus in the ITS tree, such as M. gramineum (CBS 324.54) which separates from Stachybotrys (Clade A), and M. atrum (CBS 338.97) and M. cinctum (ATCC 18947) which cluster into the large Myrothecium clade (Clade B). Even though many species of Myrothecium lack sequence data in GenBank, the analyses used in this study suggests that combine genes provide a better solution to determine species of Myrothecium.
Research prospects
Species of Myrothecium are presently difficult to resolve because of few distinct morphological characters and lack of voucher specimens with molecular data. The type species, M. inundatum is in urgent need of epitypification or being provided with a reference specimen (sensu Ariyawansa et al. 2014) . The majority of species in GenBank only have ITS sequence data and this does not resolve species well, EF1-α is also available for some Myrothecium species and this maybe a better gene candidate. Multi-gene sequence analyses can better resolve species in the genus, however, as only few ex-type strains are available and most strains in GenBank lack more than ITS sequence data, a thorough study of the genus is needed.
